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T
he Snowball Earth hypothesis predicts that Neoproterozoic glaciations were global and synchronous at low latitudes and that deglaciation occurred as a result of the buildup of pCO 2 to extreme levels resulting in a "greenhouse" aftermath (1, 2) . The temporal framework of Cryogenian glaciations is built on chemostratigraphy and correlation of lithologically distinct units, such as glaciogenic deposits, iron formation, and cap carbonates (3), tied to the few successions that contain volcanic rocks dated using U-Pb zircon geochronology (4) . In strata lacking horizons suitable for U-Pb geochronology, Re-Os geochronology can provide depositional ages on organic-rich sedimentary rocks bracketing glaciogenic strata (5, 6) . Moreover, Os isotope stratigraphy can be used as a proxy to test for supergreenhouse weathering during deglaciation (7) . In a Snowball Earth scenario, we can make specific predictions for Cryogenian weathering: CO 2 consumption via silicate weathering should increase before glaciation, stagnate during the glaciation, and increase again during deglaciation. However, the use of a single weathering proxy to provide evidence for such a scenario, such as Sr isotopes from marine carbonates, is limited both by lithological constraints and an inability to distinguish between the amount of weathering and the composition of what is being weathered (8) . The short residence time of Os in the present-day oceans (<10 ky) (9) provides a complementary higher resolution archive to Sr isotopes, and thus, insights into the nature of extreme fluctuations in the Earth's climate as documented herein.
Stratigraphy of the Neoproterozoic Windermere Supergroup
The Neoproterozoic Windermere Supergroup is spectacularly exposed in the Mackenzie Mountains of northwest Canada and comprises an ∼7-km-thick mixed carbonate and siliciclastic marine succession ( Fig. 1 and Fig. S1 ). The Coates Lake Group of the Mackenzie Mountains forms the base of the Windermere Supergroup and consists of siliciclastic, carbonate, and evaporitic strata of the Thundercloud, Redstone River, and Coppercap formations. The Coates Lake Group unconformably overlies the Little Dal basalt, which has been correlated geochemically with the Tsezotene sills (10), a 777 +2.5/−1.8 Mya (
206 Pb/ 238 U multigrain zircon thermal ionization MS date) quartz diorite plug near Coates Lake (11) , and the ∼780-Mya Gunbarrel magmatic event (12) .
Near Coates Lake, the Coppercap Formation is ∼410 m thick and is separated into six units (CP1-CP6 in Fig. 2 ). The Coppercap Formation culminates with a partially dolomitized unit of carbonate conglomerate, with minor sandstone, chert, and evaporite (CP6), and is overlain by siltstone and diamictite of the Rapitan Group (Fig. 2) . Economic copper deposits grading 3.9% occur in unit CP1 of the Coppercap Formation in a 1-m-thick interval (13, 14) . These deposits formed directly below the flooding surface at the base of CP2 (14) . Above this, in units CP2-CP5, there is no evidence for mineralization, exposure, or significant sulfate reduction, although minor evaporite and metal
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showings are present in association with the exposure surfaces at the top of unit CP6.
Regionally, the Rapitan Group rests unconformably on the Coates Lake Group, but locally the contact can be gradational (15) . In the Ogilvie Mountains, the age of the Rapitan Group is constrained by a 206 Pb/ 238 U single grain chemical abrasionisotope dilution-thermal ionization MS (CA-ID-TIMS) zircon date of 717.4 ± 0.1 Mya on a rhyolite from the underlying Mount Harper volcanics and 716.5 ± 0.2 Mya on a volcanic tuff within the overlying glaciogenic diamictites, indicating that glaciation commenced ∼717 Mya (4). The Rapitan Group is composed of three formations consisting of stratified and massive glaciogenic diamictites with minor iron formation (16, 17) . The lowest unit, the Mount Berg Formation, is present only in the southern Mackenzie Mountains. The overlying Sayunei Formation is locally more than 600 m thick and comprises ferruginous, maroon to dark brown turbiditic siltstone, sandstone, debrites, and intervals of stratified and massive glacial diamictite with dropstones of carbonate, basalt and rare granitoid clasts (16, 17) . Discontinuous lenticular bodies of hematite-jaspillite iron formation are present near the top of the Sayunei Formation when they are not eroded by the overlying Shezal Formation (17, 18) . The uppermost unit of the Rapitan Group, the Shezal Formation, consists of >600 m of green-gray, yellow weathering stratified and massive glacial diamictite interbedded with decameter-scale units of mudstone, siltstone and sandstone, which in some localities unconformably overlies the Sayunei Formation (11, 15, 19) . Clast composition in the Shezal Formation is highly variable with an abundance of carbonate, altered basic volcanic, sandstone, chert, and less common metamorphic pebbles and cobbles (16, 17) . An extended duration for deposition of the Rapitan Group is supported by internal unconformities and paleomagnetic poles that shift ∼40°f rom the Mount Berg to Sayunei Formations (20) .
Locally, the basal Twitya Formation of the Hay Creek Group conformably overlies the Rapitan Group, but regionally various parts of the Twitya Formation rest unconformably on underlying strata (19) . Where conformable, such as at Mountain River, the basal Twitya Formation consists of a 0-to 40-m-thick "cap carbonate" that is characterized by finely laminated lime mudstone and siltstone with minor graded beds and sedimentary slump folds (Fig. 2) . The lower Twitya Formation is part of a transgressive sequence that passes upward into fetid, pyritic black shale and then into hundreds of meters of gray-green siltstone and sandstone turbidites. These strata are succeeded by variable siliciclastic and carbonate strata of the Keele Formation and glaciogenic deposits of the Stelfox Member of the Ice Brook Formation. The Stelfox Member consists of massive diamictite with striated clasts (21) and is capped by the Ravensthroat formation, a white to buffcolored dolostone (17, 22) , which hosts sedimentological and geochemical features characteristic of globally distributed ∼635 Mya Marinoan cap carbonates (2, 23) .
Re-Os Geochronology
Organic-lean (<0.5% Total Organic Carbon; TOC) cryptalgal laminites of the Coppercap Formation were obtained from drill core and outcrop near Coates Lake (Figs. 1 and 2 ). Core samples were analyzed for major and minor elements, carbonate content, and C, Sr, and Os isotope chemostratigraphy, and four samples were used for Re-Os geochronology and Os isotope stratigraphy (see SI Materials and Methods for details).
A Re-Os age of 732. between deposition of unit CP4 of the Coppercap Formation and Rapitan Group glaciogenic strata ( Figs. 1 and 2) .
Organic-rich (>0.5% TOC) micritic limestone of the postglacial basal Twitya Formation was sampled from outcrop near Mountain River (64°32′04″N, 129°23′42″W). The cap limestone was sampled at ∼0.5-m resolution for Sr, Os, and C isotope chemostratigraphy (24) , and a thin (<20 cm) horizon less than 2 m above the Rapitan-Twitya contact was sampled for Re-Os geochronology (Fig. 2) . The basal Twitya Formation yielded a Re-Os age of 662.4 ± 3.9 Mya (4.6 Mya including 187 Re decay constant uncertainty, n = 7, MSWD = 1.9, 2σ, initial 187 Os/ 188 Os = 0. 54 ± 0.01; Fig. 3B ). The 662.4 ± 3.9 Mya Re-Os date for the Twitya Formation together with the CA-ID-TIMS zircon date of 716.5 ± 0.2 Mya from the nearby Ogilvie Mountains (4) represents a crucial set of age constraints that date both the onset and demise of a Cryogenian glaciation from the same continental margin. Correlation of the Rapitan Group from the Yukon to the Northwest Territories (NWT) is supported not only by the bracketing stratigraphy but also by the presence of iron formation (25, 26) and paleomagnetic studies that link Rapitan poles from the NWT with the 723-716 Mya Franklin large igneous province (20, 27) , which was coeval with Rapitan glaciation in the Yukon (4).
Coupled Os and Sr Isotope Stratigraphy
The Os and Sr isotope compositions of seawater have been interpreted to reflect an input balance between radiogenic sources (weathering of upper continental crust and riverine input) and unradiogenic sources (cosmic dust, hydrothermal alteration of oceanic crust, and weathering of mafic or ultramafic rocks) (28) 
187
Os/ 188 Os = 0.124) (29) . Although it is possible that episodic restriction within the Coates Lake basin, potential hydrothermal input, and/or weathering of a proximal ultramafic body may have contributed to the unradiogenic Os i values in the Coppercap Formation (Fig. 2) , units CP2-CP6 have been previously interpreted to have been deposited in an open marine embayment (14, 30) .
In (Fig. 2 and Table S1 ).
Unlike the Phanerozoic marine Sr isotope curve, whose fidelity can be evaluated by comparisons between several sample types (31), Neoproterozoic marine Sr chemostratigraphy relies exclusively on analyses of whole rock carbonate samples that have potentially been subjected to a variety of diagenetic processes. Based on data from sequential dissolution experiments (32), Sr isotopic analyses of whole rock carbonate samples can be expected to vary in the fourth decimal place, i.e., the external reproducibility of "replicates" from the same sample is ±0.0001. Sr isotope measurements are commonly vetted for reliability with Mn/Sr, Sr/Ca, Rb/Sr, and Sr concentration. Mn/Sr is thought to be a sensitive indicator of alteration due to the increase in Mn and decrease of Sr during meteoric alteration (33, 34) ; however, we find that Mn/Sr and Rb/Sr ratios scale inversely with carbonate content (Table S1) (Table S1 ). The lowest and most stratigraphically coherent and reproducible values are in units CP4 and CP5 and in the Twitya Formation. We thus consider these 87 Sr/ 86 Sr measurements as the most reliable ( Fig. 2 and Table S1 ).
The lower Coppercap Formation (units CP1-CP3) contains detrital components derived from the Little Dal Basalt and siliciclastic strata of the Katherine Group (14) . These strata have also been geochemically modified by basin-dewatering brines that were responsible for formation of the Coates Lake sediment-hosted Cu deposit. We interpret the radiogenic 87 Re/ Os Initial Os/ Os = 0.54 ± 0.01 MSWD = 1.8 Table S2 . a higher siliciclastic component and potential postdepositional modification by basin-dewatering brines.
Duration and Synchronicity of the Sturtian Glacial Epoch
The Twitya Formation Re-Os date is identical, within uncertainty, to existing postglacial U-Pb zircon geochronological data from Australia and South China (Fig. 4, Fig. S2 , and Table S6 ) (35, 36) , although there are some discrepancies related to analytical procedures of some of the Re-Os ages from Australia (5, 6). Previous work yielded Re-Os age constraints for the Tindelpina Formation (6), which is an amalgamated date based on Re-Os data from two separate drill cores (SCYW-1a and Blinman-2) separated by >100 km. These two horizons were correlated using low-resolution δ 13 C stratigraphy, which is not an accurate technique for sample selection for Re-Os geochronology. The four-point SCYW1a isochron in their study (6) contains two data points (a3-4 and a3-4r; Table S5 ) (supplemental data of ref. 6 ) that are actually two analyses of a single sample suggesting extreme sample heterogeneity. Due to these complications, we consider the SCYW1a age to be misleading and not suitable for global correlation.
A Re-Os date of 640.7 ± 4.7 Mya from Tasmanian organicrich rocks has also been used to dispute the synchronicity of the Rapitan-Sturtian deglaciation (5). However, this date from the upper Black River Formation is located stratigraphically above two diamictite units that are separated by a carbonate unit and is overlain by the ∼580-Mya Gaskiers-age Croles Hill diamictite (37 (23) suggests that the 640.7 ± 4.7-Mya Re-Os age in the upper Black River Formation is instead correlative with the ∼635-Mya Marinoan glaciation.
The glaciogenic Port Askaig Formation of the Dalradian Supergroup, Scotland, was deposited on the northeast margin of Laurentia and has been correlated with the Sturtian glaciation using lithostratigraphic and chemostratigraphic techniques (38, 39) . A Re-Os age of 659.6 ± 9.6 Mya for the Ballachulish Slate near Loch Leven (40) has been cited as a maximum age constraint for the Port Askaig Formation; however, the Port Askaig is not present in the region, and the relationship of the date to glacigenic strata relies on regional correlations. A variety of tests on samples from the Ballachulish Slate indicate that the 659.6 ± 9.6-Mya age represents a depositional age and not a mixed age from later metamorphic events (40) . Therefore, if we assume that the ages on the Ballachulish and Twitya formations are robust, we are left with the following alternatives: (i) these dates are constraining two separate glaciations during the "Sturtian glacial epoch," and these ages bracket the later event; (ii) the Sturtian glaciation is not preserved on the eastern margin of Laurentia, and the Port Askaig Formation represents the younger (∼635 Mya) Marinoan glaciation and is correlative with the Stralinchy diamictite; or (iii) the Kinlochlaggan Boulder Bed is correlative with the Port Askaig Tillite as originally suggested by refs. 41 and 42. As a result, the Ballachulish Slate near Loch Leven would lie in the Argyll Group. Ultimately, additional tests of regional correlations and geochronological constraints are necessary to more fully resolve the complexities of the Dalradian Supergroup.
Existing 206 Pb/ 238 U zircon ages from Idaho have been previously used to argue that the Sturtian glaciation is globally diachronous (43, 44) . However, these ages, coupled with the 711.5 ± 0.3-Mya age from the Gubrah Formation in Oman (45), can also be interpreted to be syn-glacial constraints and correlative with the 717-to 662-Mya Sturtian glacial epoch recorded in northwest Canada (Fig. 4) . Additional constraints from U-Pb and Re-Os geochronology are necessary to determine whether Sturtian glacial strata represent a series of glacial-interglacial cycles (46), a Jormagund climate state (47) , or a continuous ∼55-My Snowball Earth event.
It has also been suggested that there was an earlier, ∼750-Ma glaciation recorded on the Kalahari (48), Congo (49) , and Tarim (50) cratons. However, there is no direct evidence for glaciation in Kaigas Formation on the Kalahari Craton (51) , and the ages from the Congo and Tarim cratons suffer from inheritance and cannot be relied on (see concordia diagrams in refs. 49 and 50). Our Re-Os age of 732.2 ± 3.9 Mya on the Coppercap Formation coupled with global C and Sr isotope correlation is consistent 8 7 S r / 8 6 S r = α 18 7 O s / with the lack of evidence for a pre-717-Mya glaciation. The large negative carbon isotope anomaly in the lower Coppercap Formation covaries in carbonate carbon and organic carbon isotopes (Fig. 2) and can be correlated with the Islay anomaly in Scotland, Greenland, and Svalbard (3). It is also consistent with pre-Sturtian Sr isotope values (52, 53) . However, the Islay anomaly in Scotland is not present in the Loch Leven region in Scotland, and its relationship to the dated Ballachulish Slate (40) is unclear. The Re-Os geochronology presented here suggests that the Islay anomaly returns to positive δ 13 C carb values by ∼732 Mya, well before the onset of glaciation at ∼717 Mya (4). Therefore, this anomaly cannot be mechanistically linked to the onset of glaciation as has been previously proposed (54) (55) (56) . Moreover, none of these successions host any evidence for glaciation before the Islay anomaly.
Fire and Ice Revisited
The Sr isotope data reported here at ∼732 Ma-as low as ∼0.7064 in the Coppercap Formation-are consistent with other low pre-Sturtian values recorded in strata from Svalbard and Greenland (52, 53) and are less radiogenic then the ∼780-Mya values from Svalbard (57). Interestingly, Nd isotope studies have also suggested an increase to more mantle-like (more radiogenic) values tens of millions of years before the Sturtian glaciation (57) . These data are consistent with the Fire and Ice hypothesis (58, 59) , which proposes that Cryogenian glaciations were initiated through enhanced CO 2 consumption via weathering of basalts emplaced at low latitudes. The low-latitude breakup of Rodinia is thought to have been associated with the development of juvenile volcanic rift margins and the emplacement of multiple large igneous provinces (e.g., Willouran, Guibei, Gunbarrel, and Franklin large igneous provinces) (60) . Enhanced volcanism and weathering of mafic material would have driven the ocean towards more unradiogenic Sr values and mantlelike Os i values and a cooler global climate (Fig. 4) , analogous to scenarios proposed for Mesozoic ocean anoxic events and Cenozoic cooling episodes (61) (62) (63) .
In sharp contrast, the Os i data from the overlying Twitya Formation yield a radiogenic signal for the postglacial ocean with the basal cap limestone recording an Os i value of 1.44. From this initial high, values decline rapidly reaching a nadir of 0.42 at a height 2.6 m above the diamictite and then become steadily more radiogenic to a value of 0.62 before stabilizing to values ∼0.50 above 10 m (Fig. 2) . Similarly, Sr isotope values decrease from 0.7068 to 0.7066 in the lower 3 m and continue to fluctuate up-section before leveling out between 0.7068 and 0.7070. We interpret the signal recorded in the lower 3 m to represent the highly radiogenic, unmixed glacial melt water plume (64) and a subsequent decrease to less radiogenic Sr isotope values at 3-10 m to reflect the transgression of glacial deep waters (65) . Upsection, it appears as though rapid mixing obscures the melt water signal; however, enhanced silicate weathering continued through the transgression in a high pCO 2 environment, resulting in an Os i much more radiogenic than preglacial values, complementing the radiogenic trend recorded in the coeval Sr composition of seawater (Fig. 2) . The absence of a trend to unradiogenic Sr isotope values across Cryogenian glacial deposits led some workers to conclude that Neoproterozoic glaciations were short lived (<1 My) (66) . However, this approach neglects carbonate dissolution in response to ocean acidification and assumes that the Sr cycle is in steady state (67, 68) , which is inconsistent with the sharp rise seen in globally distributed cap carbonate deposits.
Sr isotope data from Sturtian cap limestones in Namibia, Mongolia, and northwest Canada agree to the fourth decimal place (69, 70) , thereby supporting a global correlation of this trend (Fig. 4) . These Sr values increase rapidly from 0.7066 to 0.7072 in the Sturtian cap carbonate sequence and then flat-line through the rest of the Cryogenian period. Thus, the Neoproterozoic rise in seawater Sr isotope values may not have been gradual, as previously suggested (52), but stepwise and driven by extreme weathering in a postglacial supergreenhouse.
Conclusions
The geological record suggests that the Earth's climate system can exist in two climatic equilibria: one globally glaciated and the other not (46, 47) . However, both the processes that maintain a steady climate and the drivers of long-term (>10 My) climate change have remained obscure. Following a billion years of relative climatic stability with no apparent glacial deposits, the Neoproterozoic witnessed the transition from an ice-free world to a Snowball Earth. The unique Os and Sr isotope stratigraphy coupled with the Re-Os geochronology data presented herein also point towards a tectonic driver for long-term climate change and that the change in global weatherability may have been driven by a relative increase in juvenile, mantle-derived material weathered into the oceans from the continents.
Initiation of a Snowball Earth through a change in global weatherability has been criticized on the grounds that these background conditions should have persisted on a >10-My timescale, and after deglaciation the Earth should have rapidly returned to a Snowball state (46) . Our new constraint of an ∼55-My duration of the Sturtian glacial epoch in northwest Canada is consistent with a short interlude between the Sturtian and Marinoan glaciations and a return to a glacial state on a timescale consistent with enhanced weatherability (71) . Increased input of mantle-derived material to the ocean would have also influenced geochemical cycles and promoted anaerobic respiration, potentially providing additional feedbacks that conspired to initiate a Neoproterozoic Snowball Earth (54). Our results confirm that the Sturtian glacial epoch was long lasting, its onset was accompanied by basalt-dominated weathering, and its termination was globally synchronous and followed by extreme weathering of the continents. The post-Sturtian weathering event may have in turn provided limiting nutrients like phosphorous to the ocean (72), leading to an increase in atmospheric oxygen and the radiation of large animals with high metabolic demands.
